The serotonin transporter gene (5-HTT) encodes a transmembrane protein that plays an important role in regulating serotonergic neurotransmission and related aspects of mood and behaviour. The short allele of a 44 bp insertion/deletion polymorphism (S-allele) within the promoter region of the 5-HTT gene (5-HTTLPR) confers lower transcriptional activity relative to the long allele (L-allele) and may act to modify the risk of serotonin-mediated outcomes such as anxiety and substance use behaviours. The purpose of this study was to determine whether (or not) 5-HTTLPR genotypes moderate known associations between attachment style and adolescent anxiety and alcohol use outcomes. Participants were drawn from an eight-wave study of the mental and behavioural health of a cohort of young Australians followed from 14 to 24 years of age (Victorian Adolescent Health Cohort Study, 1992 -present). No association was observed within low-risk attachment settings. However, within risk settings for heightened anxiety (ie, insecurely attached young people), the odds of persisting ruminative anxiety (worry) decreased with each additional copy of the S-allele (B30% per allele: OR 0.77, 95% CI 0.62-0.97, P ¼ 0.029). Within risk settings for binge drinking (ie, securely attached young people), the odds of reporting persisting high-dose alcohol consumption (bingeing) decreased with each additional copy of the S-allele (B35% per allele: OR 0.74, 95% CI 0.64-0.86, Po0.001). Our data suggest that the S-allele is likely to be important in psychosocial development, particularly in those settings that increase risk of anxiety and alcohol use problems. Molecular Psychiatry (2005) 10, 868-876.
Serotonin (5-HT) regulates a diverse range of physiological functions, including emotion, cognition, circadian and neuroendocrine rhythms (food intake, sleep and sexual activity). 1, 2 The serotonin transporter gene (5-HTT) is localised on chromosome 17q11-12 and encodes a transmembrane protein that controls the re-uptake of 5-HT to the presynaptic neuron following its release into the synaptic cleft.
3,4 A 44 bp insertion/deletion polymorphism in a GC-rich repetitive sequence in the 5 0 regulatory region of the 5-HTT gene (5-HTTLPR) is thought to have been introduced into the genome around 40 million years ago, and has homologous forms in the chimpanzee, orang-utan, gorilla and macaque. 1 Most notably, 5-HTTLRP genotypes have been shown to alter the transcription activity of the 5-HTT gene. Compared with the longallele variant (L-allele), the short-allele variant (S-allele) shows notably lower transcriptional activity of the 5-HTT gene. 2, 5 Despite a priori reasons to suspect a role for 5-HTTLPR genotypes in mood and behaviour regulation, reports of association have been inconsistent and difficult to replicate. For example, while some studies show evidence of association between 5-HTTLPR and depressive symptoms, [5] [6] [7] others do not. [8] [9] [10] [11] An ambiguous pattern of association also exists for ADHD, [12] [13] [14] [15] with few studies reporting association for eating disorders [16] [17] [18] or conduct disorders. 19, 20 The evidence is also conflicting for schizophrenia. Some recent studies have reported a protective association between S-allele genotypes and schizoid traits, 21 but these reports do not replicate earlier work on schizophrenia that suggests either association with the L/L genotype 22 or no association. 23, 24 The same mixed picture is apparent for bipolar disorder [25] [26] [27] [28] and autism. [29] [30] [31] [32] [33] One explanation for inconsistent findings is that Sallele genotypes may be a necessary but not sufficient component cause in a multicomponent composite risk factor, one that may include other genetic effects and/or features of the social environment. [34] [35] [36] Such a model of risk is congruent with a view of the genome as an evolutionary bank of sequence variations preserved across time for their role in facilitating adaptation to adverse environmental events. Without due consideration to the adverse environmental conditions which led to the early preservation of certain forms of genetic variation (and not others), studies of genetic risk may be destined to ambiguity and nonreplication. By conducting genetic investigations with strata defined by relevant environmental challenges, it may be possible to clarify the role of polymorphic loci in complex behavioural outcomes. 37 Consistent with this possibility, recent research on a closely related species, the rhesus monkey (Macaca mulatta), provides evidence of a role for a homologous 5-HTT promoter polymorphism (rh-5-HTTLPR) in modifying serotonergic function under some rearing conditions but not others. Using a biomaker of brain 5-HTT turnover (5-hydroxyindoleacetic acid (5-HIAA) concentrations in cerebrospinal fluid (CSF)), Bennett et al 38, 39 have shown lower 5-HIAA concentrations among peer-reared (insecurely attached) carriers of the S-allele compared with peerreared carriers of the L-allele. However, among mother-reared infants (securely attached), no genotypic differences were observed. Furthermore, Soumi 40 has reported research findings showing that motherreared carriers of the S-allele consumed less alcohol than mother-reared carriers of the L-allele, and peerreared carriers of the S-allele consumed more alcohol than peer-reared carriers of the L-allele. Similarly, after controlling for rearing history, Bennett et al 39 have shown that monkey carriers of S-allele genotypes were more aggressive during intoxication than those with the L/L genotype.
Examples of interaction between 5-HTTLPR and socioenvironmental context are now emerging in the human literature. Cadoret et al 19 have reported increased risk of aggressive antisocial behaviour in carriers of the L/L genotype, but only when in relatively stressful rearing environments (eg, antisocial or alcoholic parents). Similarly, Caspi et al 41 observed that relationships between childhood maltreatment and depressive symptoms (age 26 years), and stressful life events (21 and 25 years) and depressive symptoms (age 26 years), are notably stronger among individuals carrying either L/S or S/ S genotypes than those carrying the L/L genotype.
Using an endocrine measure of CNS serotonergic function, Manuck et al 42 have reported reduced serotonergic responsivity (as measured by peak plasma prolactin response to fenfluamine) among low SES compared with high SES groups, but only among individuals carrying either the L/S or S/S 5-HTTLPR genotypes. The neurobehavioural implications of endocrine findings such as lowered peak plasma prolactin response in humans or lowered CSF 5HIAA concentrations in the rhesus monkey remain somewhat ambiguous. For example, it is possible that reduced 5-HT uptake and increased 5-HT availability among carriers of S-allele genotypes effectively mimic the action of SSRIs (such as fluoxetine) designed to treat anxiety and depression by competitively inhibiting 5-HT uptake. 5 Should this be so, individuals with S-allele genotypes may be at reduced risk of psychopathology in the context of life events that confer disadvantage. However, it is also possible that heightened background 5-HT arising from S-allele genotypes across critical periods of neurological development may have fundamentally different effects to raising 5-HT levels in the mature brain through use of SSRI medication. The evidence to discriminate mechanisms remains scant. The limited research so far (monkey and human) suggests that S-allele genotypes may play a more complex role in development than assumed under an SSRI model. However, additional studies using independent samples, considering a broader range of mood and behaviour outcomes, and examining differing degrees of socioenvironmental risk, are now needed to clarify effects.
One potentially informative line of investigationthat builds on previous primate research-is to examine the role of S-allele genotypes in moderating the effects of everyday forms of socioenvironmental risk (cf. discrete high-risk life events) such as that characterised by normal variation in the security of parent-child attachments. Attachment theory proposes that healthy psychological adaptation to loss (separation, control, humiliation, loneliness) is facilitated by the emergence of secure attachment styles across childhood, adolescence and young adulthood. When primary care-givers are consistently available and responsive to the needs of individuals across infancy, childhood and adolescence, security is increased and proneness to intense or chronic fearfulness is reduced. [43] [44] [45] In contrast, insecure attachments are commonly expressed in fearfulness and inhibition that persist relatively unchanged across life. 46 Major disruptions to affectional bonds (such as child maltreatment) create high risk for insecure attachment styles and later mental and behavioural disorder. 41 However, everyday features of parent-child interaction (such as slow or inconsistent parent responding to the child's needs or regular interference with the child's desired activities) can also build insecure attachments and result in increased crying and fearfulness. 47 Attachment theory stresses the importance of continuity of risk settings over time in determining longer-term patterns of mood and behaviour regulation, including psychosocial adaptation to major adverse life events. There have been no studies of the role of the human 5-HTTLPR polymorphism in moderating the effects of everyday interpersonal relationships on risk of later mood and behavioural problems.
The purpose of this study was to use genetic and psychosocial data from the Victorian Adolescent Health Cohort Study (VAHCS: 1992-present) to test a nondirectional hypothesis that S-allele moderates the risk effects of parent-child attachment style (secure/insecure) on later mood and behaviour regulation problems. Based primarily on photographic and descriptive information on primate development, 40 we were particularly interested in the role of S-allele genotypes in moderating association between attachment style and persisting forms of general fearfulness such as propensity to rumination (worry) and somatic hyperarousal. We were also interested in the role of S-allele genotypes in propensity to highdose alcohol consumption (binge drinking) across the adolescent years.
Methods

Procedure and sample
The VAHCS was defined using a two-stage sampling procedure with a source population of 2032 young Australians selected as representative of the broader Victorian adolescent population (see Figure 1 ). The cohort has now been followed across eight waves of data collection, the first six waves intensively surveyed at 6-month intervals (1992) (1993) (1994) (1995) (1996) when participants were at high school, from year 9 to year 12. The remaining two waves, in 1998 and 2003, were post high-school with data collected when participants were aged 21 and 24 years, respectively. The VAHCS has maintained high participant retention with an average response rate of 80% (min 75%, max 86%). For each wave of data collection, ethics approval has been provided by the Royal Children's Hospital Ethics in Human Research Committee, Melbourne, Australia. Written consent was required before providing a DNA sample.
The VAHCS provides extensive data on key adolescent mental and behavioural health issues including psychiatric morbidity, drug use (tobacco, alcohol, and illicit drug use), eating disorders and obesity, antisocial behaviour, personality and attachment style. Between waves 1 and 6, the questionnaire was administered by a laptop computer, which allowed efficient administration of a complex branched questionnaire. 48 Those unavailable through school hours were contacted by telephone. Waves 7 and 8 were collected entirely by telephone interview.
Information on psychiatric morbidity was routinely collected from wave 1 through to 7, but not in wave 8 where the focus was on drug use behaviour. At completion of the wave 8 telephone interview, participants were asked whether they would consent to providing a DNA sample by cheek swab. Where consent was given, participants were mailed two cheek swab brushes, an instruction booklet, a consent form and a reply paid express post envelope. Of the 1520 young people agreeing to participate in the wave 8 interview, 64% (n ¼ 962) agreed to also provide a DNA sample by cheek swab.
Study group definitions
Psychiatric morbidity was assessed from waves 1-7 using the Clinical Interview Schedule, Revised (CIS-R). 49 The CIS-R is a screening instrument, allowing ICD-10 diagnoses of common psychiatric disorders and suitable for computer-based administration within a population-based research context. Despite the potential to do so, study group definitions were not based on ICD-10 classifications because of the heterogeneity of symptomatology (biological, social and behavioural) inherent in clinical diagnoses (details below). Instead, study groups were constructed to represent intermediary phenotypes (arguably less confounded with respect to genetic determination) based on selected CIS-R general anxiety subscales. Given previous observations of a relationship between 5-HTTLPR genotypes and indicators of generalised stress, we decided to base our analyses on two CIS-R subscales assessing symptoms of worry (cognitive rumination) and physical hyperarousal such as tachycardia and sweaty palms (somatic anxiety). We further defined these subscales by their persistence across adolescence, on the assumption that longevity of symptoms may represent a higher biological contribution to disorder.
Persisting ruminative anxiety (Worry)
The CIS-R Worry subscale is an index of cognitive rumination. The scale excludes worries about physical health (for which a separate scale has been developed). At each wave, those reporting worry 2 entry points (total sampling frame 2032) Figure 1 Schematic diagram of the Victorian Adolescent Health Cohort Study design.
5-HTTLPR and adolescent psychopathology CA Olsson et al were asked if they had experienced any of the following symptoms of severity in the past week: (1) worrying on four or more days in the past week, (2) symptoms of worry very unpleasant in the past week, (3) worrying over 3 hours in total on any one day in the past week and (4) worrying too much in view of circumstances.
Persisting somatic anxiety
The CIS-R Anxiety subscale is an index of general anxiety, nervousness or tension in the past week that is not the result of a phobia. This scale focuses on physical hyperarousal rather than cognitive rumination. At each wave, those reporting recent anxiety were asked if they had experienced any of the following symptoms of severity in the past week: (1) anxiety or tension on four or more days in the past week, (2) symptoms of anxiety or tension very unpleasant in the past week, (3) one or more of heart racing or pounding, hands sweating or shaking, feeling dizzy, difficulty getting breath, butterflies in stomach, dry mouth, nausea and (4) symptoms lasting for over 3 hours in total on any one day in the past week.
Binge drinking
Alcohol use was assessed from waves 1-8 using a 7-day retrospective diary. High-dose alcohol use was assessed as the proportion of young people reporting ever bingeing between waves 1-8 and was defined by an average level of alcohol consumption greater than 5 standard drinks per drinking day. One standard drink is equivalent to a 375 ml bottle of midstrength beer at 3.5% alc/vol, a 30 ml Spirit Nip at 40% alc/ vol, or a 100 ml standard serve of wine at 12% alc/vol (2001 Australian National Health and Medical Research Council Guidelines).
Adult attachment questionnaire Attachment style was assessed at wave 8 using the Adult Attachment Questionnaire (AAQ). 46 The AAQ defines three distinct attachment schemas-secure attachment, avoidant attachment and anxious/ambivalent attachment. 46 Young adult attachment styles can be taken to represent a history of attachment relations across infancy, childhood and adolescence, most typically determined by primary relations with the mother and father. Relationships between the 5HTTLPR polymorphism and all study group outcomes-rumination, anxiety and binge alcohol usewere examined separately within strata defined by secure and avoidant (insecure) attachments. Those reporting ambivalent attachment styles were excluded from the stratification due to the complex nature of this defence mechanism.
Genotyping
Primer sequences for the 5-HTTLPR were obtained from Gelernter et al. 50 DNA amplification reactions were performed in 2 Â reaction buffer G from the PCR Optimisation kit (Epicentre), 1 ng of genomic DNA, 2 mM 7-Deaza-dGTP (Roche), 5 pmol of each oligonucleotide primer and 1 U of AmpliTaq DNA polymerase (Applied Biosystems). Amplification was performed on a Tetrad DNA engine (MJ Research), using the following cycling conditions: 941C for 1 min, followed by 45 cycles of 941C for 30 sec, 661C for 1 min, 721C for 30 sec. Amplification was completed with a final elongation step of 721C for 10 min. Fragments were separated on 2.5% agarose and visualised using ethidium bromide. Alleles were labelled as 'Long' for the 16-repeat 419 bp product and 'Short' for the 14-repeat 375 bp product.
Statistical analysis
All estimates of association were restricted to those of European descent. Analyses for persisting anxiety symptoms and binge drinking were based on the number of waves at which case criteria for each outcome was met. The number of observations (and hence the maximum score) for each outcome was seven for anxiety outcomes and eight for alcohol use outcomes. However, for those individuals with missing observations on one or more waves, the maximum outcome score was reduced. Missing waves of data would only give an unbiased estimate if the observations were missing at random: to assess the degree to which this might be true, we included the number of missing waves as a covariate. Furthermore, only those participants for whom attachment status was recorded were included in the analyses, to avoid the influence of possible nonrandom absence of this datum. All analyses adjust for sex.
Each index of persisting anxiety and binge drinking was modelled using grouped logistic regression: for an individual observed at m waves, the probability of a positive response p (e.g. being anxious) on k of these occasions is taken to be Bin(k;m,p). The genotype of individual j is coded by g(j), the number of S alleles (0, 1, 2). Other measured covariates (sex, missing) were represented by the vector x(j). The probability p of that individual having a positive response on any given wave is then taken as p ¼ log it(a þ bx(j) þ gg(j)). This is an additive model of penetrance. In secondary analyses we tested the usefulness of including a dominance term d(j) ¼ 1 for S/S genotypes and otherwise zero: p ¼ log it(a þ bx(j) þ gg(j) þ dd(j)). The binomial model described assumes that the outcome at each wave is independent given the covariates. In practice, this is unlikely to be true for observations of the same individual; so we used the sandwich estimator of variance to allow for interwave dependence.
The effect of 5-HTTLPR was examined in three ways:
1. across the entire sample; 2. separately within the two subcohorts defined by attachment style; 3. across the cohort with attachment style included as a covariate and an interaction term to test for differential effects of genotype between attachment types. To test for association between outcomes while allowing for missing data, an estimate of the log-odds of positive response was calculated for each subject. This was taken to be log[(k þ 0.5)/(m þ 0.5)], with m and k being the number of waves and positive responses as above. The additional 0.5 added to both numerator and denominator can be thought of as a weak Dirichlet prior distribution, or simply an adjustment to avoid infinities. The resulting log-odds estimates were then used to estimate the correlation of outcomes using Pearson's correlation. Analyses were conducted in STATA 8 (Stata Corp 2001). Table 1 presents frequencies for predictor (gender, attachment style), moderator (5-HTTLPR genotypes) and outcome variables (anxiety and alcohol) included in the study. Genotype data were available for 752 study participants after restricting analyses to those of European descent and with complete attachment data. 5-HTTLPR genotypes were in Hardy-Weinberg equilibrium for this population. Table 2 present the odds of providing DNA, of reporting insecure attachments, and of being female, for anxiety and alcohol use outcomes. Provision of DNA by cheek swab was higher among those reporting each outcome: B80% rumination, B90% somatic anxiety and B60% binge drinking. Additional exploratory analysis showed that DNA provision was also higher among females (OR ¼ 1.7, CI ¼ 1.4-2.1), but equivalent among those with divorced parents (OR ¼ 0.99, CI ¼ 0.77-1.27) and parents of high educational achievement (OR ¼ 1.1, CI ¼ 0.86-1.45). The odds of reporting persisting ruminative and somatic anxiety were higher among females and those reporting insecure attachment styles. The odds of binge drinking were lower among females and among those reporting insecure attachment styles. There was no association between 5-HTTLPR genotypes and attachment style (OR ¼ 1.0, CI ¼ 0.82-1.3).
Results
Persistent ruminative and somatic anxieties were associated (r ¼ 0.49, Po0.001). However, there was no association between binge drinking and either ruminative anxiety (r ¼ À0.00, P ¼ 0.97) or somatic anxiety (r ¼ À0.01, P ¼ 0.82). In no case did including number of waves of missing somatic anxiety and binge alcohol use data as a covariate change estimates of effects by more than 5%. Restricted to those providing DNA, of European descent, with complete attachment data (n ¼ 752). There was no evidence of a dominance effect (effect of homozygosity different from dose effect) for any outcome. Hence, only an additive (dose relations) model of effect was retained for subsequent analyses. When participants were analysed together (see Table  3 ), there was evidence of a dose protective relationship for ruminative anxiety (B15% decrease in odds per additional S-allele) and binge drinking (B35% decrease in odds per additional S-allele). No association was observed between 5-HTTLPR genotypes and propensity to somatic anxiety in the full sample.
As hypothesised, the effects of increasing copies of the S-allele differed across attachment strata, suggesting a role for S-allele genotypes in buffering the effects of high-risk settings. Among insecurely attached young people only, the risk of persisting ruminative anxiety (worry) reduced in a dose-dependent manner with each additional copy of the S-allele (B30% per allele). No association was observed among low-risk young people (ie, reporting secure attachments). Furthermore, among securely attached young people only, the risk of persisting high-dose alcohol consumption (bingeing) reduced in a dosedependent manner with each additional copy of the S-allele (B35% per allele). No association was observed among those not at risk (ie, reporting insecure attachments). We observed a notable interaction effect (ie, sufficient evidence that 5-HTTLPR has a differential action between attachment-defined strata) for binge drinking, but not for persisting rumination.
Discussion
Using data from a 12-year longitudinal study of Australian adolescents, our data suggest that the relationship between 5-HTTLPR genotypes and psychopathology can be more clearly enunciated through focused investigations within theoretically relevant socioenvironmental strata. Instead of focusing on major adverse life events (such as childhood maltreatment), we suggested that 5-HTTPLR genotypes may moderate risk emerging from everyday patterns of social interaction between parent (care-giver) and child. Consistent with Attachment Theory expectations, [43] [44] [45] we confirmed that insecure attachments heightened the risk for persisting forms of ruminative and somatic anxieties. In contrast, we observed that the risk for adolescent binge drinking was reduced among young people reporting insecure attachments. One explanation for this finding is that reduced fearfulness arising from secure attachment styles may create openness to activities that involve loss of control such as binge drinking and other forms of social experimentation. Additional descriptive research is needed to clarify effects.
Having established high-and low-risk attachment settings for each outcome, we examined whether increasing copies of the S-allele acted to intensify or ameliorate the effects of high-risk attachment settings on latter mood and behaviour outcomes. Our results suggest a protective role for S-allele genotypes. Specifically, where risk due to attachment style was high, increasing copies of the S-allele reduced the risk of persistent ruminative anxiety and binge drinking in a dose-dependent manner. However, where risk due to attachment style was low, increasing copies of the S-allele had no discernable effects on risk of any outcome. No association was observed between Sallele genotypes and more somatic expression of anxious behaviour.
Despite a reasonably large sample and a capacity to demonstrate different patterns of association by psychosocial strata, we did not observe evidence of an interaction effect (attachment * 5-HTTLPR) for ruminative anxiety. This is most likely due to the fact that point estimates in both strata are protective and would require greater statistical power than we have to discriminate. Our results point to the importance of stratifying analyses at least in the first instance. We did, however, observe evidence of interaction between binge drinking, attachment style and 5-HTTLPR genotypes. The fact that no association was found for the more somatic forms of anxiety, within strata or by interaction, may indicate that the S-allele plays a more prominent role in cognitive rather than the physical aspects of anxious arousal.
Evidence of a protective association between Sallele genotypes and persisting ruminative anxiety (in the whole sample and those reporting insecure attachment styles) is consistent with the hypothesis that reduced 5-HT uptake and increased 5-HT availability among carriers of S-allele genotypes effectively mimic the action of SSRIs. Our observations are not, Table 3 Dose relationships between increasing copies of the S-allele (0,1,2) and persistence of ruminative anxiety, somatic anxiety and binge drinking, in the full sample and within strata defined by attachment style 52 for binge drinking). The complex role of the serotonin transporter within numerous pathways may also provide some explanation of why the S-allele has not become fixed in either the non-human primate or human population.
Reduced binge drinking among securely attached young people carrying S-allele genotypes is consistent with findings of reduced alcohol consumption among mother-reared (securely attached) rhesus monkeys carrying S-allele genotypes. 40 Our binge drinking results are not, however, consistent with the only other human study which shows higher binge drinking among high-school students homozygous for the short allele. 52 But then again, these human data were cross-sectional and did not consider effects under differing developmental conditions, so it becomes hard to compare. If our findings are replicated, further research will be needed to fully understand the mechanism by which short-allele genotypes influence alcohol use behaviour in this way.
A number of socioenvironmental factors, including childhood maltreatment, 53 acute stress, 41 and socioeconomic status 42 are now being shown to interact with specific genetic variation to influence mood and behaviour outcomes. Although we do not have the capacity to examine child maltreatment and socioeconomic context, it is possible that many of these factors covary and inform a more unified latent construct that describes archetypal features of a child's social context that are particularly relevant to psycho-social development. Future epidemiological research examining colinearity among seemingly diverse exposures may play an important role in clarifying the quintessential nature of environments for which genetic variation may have been preserved to protect against. In this way, epidemiology and human genetics might cross-inform one another, and improve our understanding of aetiological processes in the development of pathology and wellbeing.
In summary, this study illustrates the potential value of stratifying data by key social context in determining the size and direction of putatively functional polymorphic loci such as 5-HTTLPR. While our findings suggest that 5-HTTLPR may act synergistically with the socioenvironmental context to influence mood regulation, they do not replicate the direction of effects observed by Caspi et al 41 for depression. Nor do they suggest a role for 5-HTTLPR in some behavioural traits, such as the more somatic expression of anxiety. In contrast, our alcohol use findings are similar to those reported in the rhesus monkey literature. Given the homologies between rh-5-HTTLPR and 5-HTTLPR, the rhesus monkey is likely to offer important insights into fundamental aspects of human motivation, and greater collaboration between ethologists, psychologists and geneticists is warranted. However, the complexity of human social interaction (including parent-child bonding), and the social cognitive interpretation of these interactions, necessitates cautious interpretation of cross-species similarities.
